Abstract Many hornbill species in Thailand are categorized as Endangered or Critically Endangered on the IUCN Red List. The objectives of this research were to predict hornbill distributions in Thailand and to assess the national conservation status of the species using extent of occurrence. We employed maximum entropy modelling, using 10 environmental variables that were believed to directly or indirectly influence hornbill distributions across Thailand, to predict the habitats potentially suitable for 10 of the country's 13 hornbill species. Data on the presence of hornbills were gathered from the Thailand Hornbill Project and additional field surveys in protected area complexes during 2004-2006. The results indicated that patch size is the most important factor affecting distribution, followed by latitude, ecoregion and distance to villages. All hornbill species were predicted to occur primarily in intact protected area complexes. The total extent of all hornbill habitats covers 9.3% of the country's land area. Seven of the 10 modelled species are at risk and the current distribution pattern is expected to reflect stochastic extinctions because of small population size. We recommend that the conservation status of Austen's brown hornbill Anorrhinus austeni and Tickell's brown hornbill Anorrhinus tickelli should be changed from Vulnerable to Endangered. The model identified five protected area complexes as hornbill hotspots in Thailand. These findings will help guide conservation management.
Introduction
T he Asian hornbills, family Bucerotidae, comprise 54 species (Kemp, 2001) . They are primarily frugivorous, eating a variety of fruits, with figs predominant in their diet, but they also consume a diversity of animal prey (Poonswad, 1998) . They play an important role in seed dispersal in tropical forests and have been referred to as the 'farmers of the forest' (Kinnaird & O'Brien, 2007) . The decline of hornbills has affected the dispersal and recruitment of large-seeded tree species in logged forests in the foothills of the Indian Eastern Himalayas (Sethi & Howe, 2009 ) and monsoon evergreen forest in Khao Yai, Thailand (Kitamura et al., 2004) . Hornbills are useful indicators of forest condition and human disturbance because they require large tracts of forest with large fruiting trees for feeding and nesting (Poonswad et al., 2005; Kinnaird & O'Brien, 2007) .
The accelerated loss and fragmentation of Asian forest in the 1990s, followed by hunting, are the most commonly cited reasons for hornbills being threatened (Poonswad et al., 2005; Kinnaird & O'Brien, 2007) . Thailand has lost as much as 70% of its original forest cover (DNP, 2007) . Landscape patterns are significant factors influencing the distribution of hornbills (O'Brien et al., 1998; Raman & Mudappa, 2003; Pattanavibool et al., 2004; Sitompul et al., 2004; Kinnaird & O'Brien, 2007) . Isolation of suitable food patches prevents food tracking behaviour, and adversely affects populations of avian frugivores through starvation, and food plants through interruption of seed dispersal (Lehouck et al., 2009) . Sitompul et al. (2004) indicated that hornbills are more vulnerable to stochastic effects and patch size than overall resource availability. O'Brien et al. (1998) found that the Sumba hornbill Aceros everetti was rare or absent in forest patches , 10 km 2 .
Thailand is home to 13 species and one subspecies of hornbill and Thai researchers have conducted long-term studies of hornbills (Poonswad, 1998; THP, 2009) . All species except the oriental pied hornbill Anthracoceros albirostris are categorized nationally as threatened species (ONEP, 2007) but none are endemic to Thailand (Kinnaird & O'Brien, 2007) . Estimation of changes in the distribution of hornbills in Thailand (Poonswad, 1998) suggests that c. 32% of the land area contains potentially suitable habitats for hornbills but this is less than that of earlier assessments by Lekagul & Cronin (1974) .
There are a number of modelling methods available for predicting the potential distribution of species. These models are based on the assumption that the relationship between a given pattern of interest (e.g. species abundance or presence/absence) and a set of factors assumed to control it can be quantified (Phillips et al., 2006; Trisurat & Toxopeus, 2011) . Recent advances employing geographical information systems (GIS) allow correlative modelling of species' distributions for large geographical areas, which is useful when detailed information about the natural history of species is lacking (Anderson et al., 2002; Trisurat & Toxopeus, 2011) . The objectives of our research were to predict hornbill distributions in Thailand and assess their current conservation status based on extent of occurrence derived from GIS-based habitat modelling.
Methods

Study area
We assessed hornbill distributions at two levels: the entire 513,200 km 2 of Thailand, and the 12 protected area complexes comprising a total of 65,528 km 2 that potentially contain hornbill habitat. Six additional complexes in Thailand have no records of hornbills in the last 2 decades (Poonswad, 1998) and the remaining forest cover in these complexes is small and severely fragmented.
Data collection
We collected data on four abiotic factors (altitude, slope, latitude and annual rainfall), four biotic factors (ecoregion type, vegetation type, patch size and distance to forest patch . 50 km 2 , which included evergreen, deciduous or mixed forest, disturbed forest and forest plantation) and two anthropogenic factors (distance to village and distance to road) that have been identified as directly or indirectly affecting patterns of abundance and distribution of hornbills (O'Brien et al., 1998; Poonswad, 1998; Sitompul et al., 2004; Kinnaird & O'Brien, 2007) . Vegetation types were derived from a 2006 1 : 50,000 forest type map (DNP, 2007) . Patch size and distance to large forest patch were derived from a vegetation map, and ecoregion was extracted from the WWF ecoregions map (Olson et al., 2001) . Altitude and slope were extracted and interpolated from the 20-m contour lines of 1 : 50,000 topographic maps. Distance to road was digitized from topographic maps. Average annual rainfall was interpolated from mean 30-year rainfall data recorded at weather stations across the country, using universal kriging (Theobald, 2005) . All environmental variables were converted to raster format to perform spatial analyses with a GIS. A pixel resolution of 400 m was chosen because this is intermediate in size between the fine resolution of the topographic maps and the coarse resolution of the climatic variables, and corresponds to the minimum mapping unit of the vegetation type map. We constructed a matrix of correlations between all possible pairs of variables. Pearson's correlations indicated that all pairs had coefficients , 0.70. Thus, there do not appear to be problems with multicollinearity , which can otherwise result in model overfitting (Peterson et al., 2007) , and therefore all 10 variables were used for modelling species distributions.
Species distribution modelling
The processes for mapping distributions comprised:
(1) collection of observation points, (2) generation of distributions, (3) assessment of status, and (4) Although we initially aimed to model the distributions of all 13 hornbill species in Thailand, we only had adequate records (. 20) for modelling for 10 of the species (Table 1) . From the available species modelling techniques we selected maximum entropy modelling (Phillips et al., 2006) because it was specifically developed to model species distributions with presence-only data (Phillips et al., 2006) , outperforms most other modelling techniques (Tognelli et al., 2009) , is least affected by geo-referencing errors , and performs best when few presence records are available (Wisz et al., 2008) .
The occurrence data for each species was randomly divided into two datasets. Seventy-five percent (training data) were used to generate distribution models and 25% (test data) were kept as independent data to test the accuracy of the distribution model using the area under curve (AUC) of a receiver operating characteristic (Hosmer & Lemeshow, 2000) .
We transformed the continuous probability of occurrence of each model output (0.00-1.00) into a binary prediction by applying the sensitivity-specificity sum maximization threshold, which is a promising approach for predicting species distributions (Liu et al., 2005) . If the probability value was equal or greater than this threshold value it was classified as presence, and otherwise as absence. In addition, we used the contingency matrix to evaluate the TABLE 1 The 10 hornbill species in Thailand whose distributions could be modelled, with the number of records of each, the percentage contributions of the 10 environmental variables to the spatial distribution model for each species, and the accuracies of the distribution models (AUC) for training and test data (see text for further details). The three species for which there were , 10 records (black hornbill Anthracoceros malayanus, 4 records; wrinkled hornbill Rhyticeros corrugatus, 4; and plain-pouched Rhyticeros subruficollis, 8) were not modelled. We used geographical range in the form of extent of occurrence (criterion B1) and the sub-criterion for severely fragmented to determine the conservation status of hornbills. We used the potentially suitable habitat derived from Maxent modelling to represent the estimated extent of occurrence.
Species
Priority areas for conservation of hornbills were determined using three criteria: (1) species richness, (2) number of Endangered or Critically Endangered species, and (3) total area of potentially suitable habitat ( Table 2) . The latter was evaluated by overlaying the predicted potentially suitable habitats for the 10 hornbill species for which there were sufficient data for modelling. Each of the three criteria was scored in the range 1-3, where 3 represents the most favourable condition for high conservation priority, 2 an intermediate condition and 1 the least favourable. These scores were summed, giving a score in the range 3-9. Protected area complexes with score ranges of 7-9, 5-6 and < 4 were considered as areas of high, moderate and low conservation priorities, respectively.
Results
Species records and model performance
A total of 1,537 records were gathered from the Thailand Hornbill Project and additional field surveys. There were , 10 records of the black hornbill Anthracoceros malayanus, wrinkled hornbill Rhyticeros corrugatus and plain-pouched hornbill Rhyticeros subruficollis. The lowest number of records for the 10 evaluated species was 27, for the rufous-necked hornbill Anthracoceros nipalensis, and the greatest number was 457 records, for the great hornbill Buceros bicornis (Table 1) .
Of the 10 environmental factors patch size made the highest percentage contribution to the spatial distribution model, followed by ecoregion type, latitude and annual rainfall ( Table 1) . The lowest contribution was from slope. The contribution of each factor varied between species. For example, the contribution of ecoregion was high for Austen's brown hornbill Anorrhinus austeni and Tickell's brown hornbill Anorrhinus tickelli but relatively low for bushy-crested hornbill Anorrhinus galeritus, oriental pied hornbill, wreathed hornbill Rhyticeros undulatus and great hornbill because these species are widely distributed in Thailand. The accuracies of the distribution models for both training and test data were high (AUC . 0.9) for all species ( Table 1) .
We compared the predicted distributions and actual occurrences obtained from recent surveys (Fig. 1) . Overall prediction accuracy for the 10 modelled species was 93.3%. However, we found a few records of Tickell's brown hornbill in Mae Ping-Omkoi and Chumporn complexes, of helmeted hornbill in Khao Luang, and of wreathed and great hornbills in Doi Phukha complex, where they were predicted to be absent. Bushy-crested hornbill and white-crowned hornbill Berenicornis comatus were not sighted in Chumporn complex although they were predicted to be present.
Distributions
The predicted distributions and extents of occurrence of the 10 modelled hornbill species are shown in Fig. 1 and Table 3 , respectively. The predicted area of potentially suitable habitat for rufous-necked hornbill is the smallest of the studied species. Our field surveys during [2004] [2005] [2006] showed that the last population inhabits fragmented remnants of the Western Forest complex (Fig. 1) .
The largest patch of potentially suitable habitat for Tickell's brown hornbill is predicted to be in the Western Forest complex and a small patch is predicted in the Kraeng Krachan complex. It was relatively rare in Chumporn complex over the last 3 decades (Poonswad et al., 1998) and our field surveys during 2004-2006 indicated that it has now disappeared there; the distribution model also predicted its absence. The predicted potentially suitable habitats for Austen's brown hornbill (Table 3) are the large patches in the Dong Phayayen-Khao Yai and Phu Khiew-Nam Nao complexes in the north-east (Fig. 1, Table 4) .
Like the rufous-necked hornbill, the rhinoceros hornbill is restricted to extensive tracts of primary tropical rainforest, in Hala Bala complex (Fig. 1) , and its distribution is more limited than other hornbill species ( Table 3) . The distributions of the helmeted hornbill Rhinoplax vigil, 
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bushy-crested hornbill and white-crowned hornbill are similar (Fig. 1) . Large areas of suitable habitat for these species occur in Khlong Saeng-Khao Sok, PP-AndamanKhao Banthad and Hala Bala complexes ( Table 4) . The oriental pied, wreathed and great hornbills were predicted to be present in many protected area complexes (Fig. 1) . They are unlikely to exist in northern Thailand, however, although a few observations of the first two species were recorded in Doi-Phuka-Mae Yom and Mae Ping-Mae Yom complexes during 2004-2006.
Hornbill concentrations and hotspots
Overlaying the predicted potentially suitable habitats of the 10 hornbill species indicates that the total extent of suitable habitat for these species is 47,646 km 2 (9.28% of Thailand's land area; Table 3 , Fig. 2 ). Of this 37,554 km 2 (78%) is in 12 protected area complexes (Table 3 ) and 10,092 km 2 (22%) is in buffer zones or remnant forests. The largest hornbill habitat is in the Western Forest complex (Table 4) . Approximately 75% or more of Dong Phayayen-Khao Yai, Kaeng Krachan, Eastern Forest, Khlong Saeng-Khao Sok, Khao Luang and Hala Bala complexes are predicted to be potentially suitable for hornbills. Doi Phuka-Mae Yom and Mae Ping-Omkoi complexes in the north are predicted to be unsuitable for the modelled species (Table 4) .
We consider the Western Forest, Khlong Saeng-Khao Sok, Khao Luang and Hala Bala complexes to be hornbill hotspots because they have sum values of scores for species richness, Endangered or Critically Endangered species, and total area of potentially suitable habitat > 7 (Table 4) . Although Dong Phayayen-Khao Yai complex only had a sum value of 6 we also regard this complex as a hornbill hotspot because of the presence of Austen's brown hornbill. The second priorities for hornbill conservation (sum values of 5-6) were Phu Khiew-Nam Nao, Khaeng Krachan, Chumporn and PP-Andaman-Khao Banthad complexes.
The Western Forest complex includes five hornbill species, two of which are Endangered (rufous-necked and Tickell's brown hornbills). Approximately 96% of Khlong Saeng-Khao Sok complex is predicted to be potentially suitable hornbill habitat, the highest of the 12 protected area complexes. Helmeted hornbill (Endangered) and wrinkled hornbill (Critically Endangered) were also sighted in this area. Although potentially suitable hornbill habitats in Hala Bala are , 2,000 km 2 it has the highest number of studied species (Table 4) . In addition, Hala Bala contains the only habitat in Thailand for the rhinoceros and wrinkled hornbills (THP, 2009) , and Khao Luang is the only area in which our survey team sighted the black hornbill. Initially categorized as NT (see Discussion for further details) 9 More than one hornbill species inhabits individual areas
Discussion
Hornbill distribution models
This research provides the first spatially explicit assessment of hornbills at the national and protected area complex levels in Thailand other than an earlier study at a national level (Poonswad, 1998) . Kinnaird & O'Brien (2007) studied the hornbills at a regional level, for South-east Asia.
Our results indicate that the extents of potentially suitable habitats for hornbills, regardless of confirmed sightings, are significantly less than the areas of suitable habitat in 1992 (Poonswad, 1998) . For example, the area of potentially suitable habitat for the rufous-necked hornbill has decreased from 19,536 km 2 in 1992 to 1,288 km 2 in 2006 (Table 3) . This could be a result of deforestation since 1992 (DNP, 2007) and possible bias in the methods used by Poonswad (1998) , which were derived by overlaying preferred forest habitat and the altitude range of each hornbill species. This method usually overestimates habitat area (Trisurat & Toxopeus, 2011) .
Current hornbill distributions
The predicted distributions of hornbill species are currently concentrated in intact protected area complexes. The contribution of protected areas to predicted hornbill habitat has increased from 32% in 1992 (Poonswad, 1998) to c. 78% of total hornbill habitats. This indicates the important role of protected areas in conserving hornbill species. Hornbills are unlikely to survive in northern Thailand (Fig. 1) .
The rufous-necked hornbill sighted in Mae-Ping-Omkoi and Doi Phukha-Mae Yom complexes by Lekagul & Cronin (1974) disappeared because of hunting by hill tribes both within and outside protected areas, forest encroachment for cash crops and poor law enforcement (THP, 2009). The brown and great hornbills have declined in Mae Ping-Omkoi and become locally extirpated at this protected area complex as a result of deforestation and poaching (Pattanavibool et al., 2004) .
Nevertheless, potentially suitable habitats for some hornbill species (e.g. wreathed, great and white-crowned) are predicted to occur outside protected areas (Fig. 1) . This is because of the ability of these species to inhabit a wide range of forest habitats, including forest on islands, and because they sometimes range into areas of open deciduous forest (Poonswad, 1998; Kemp, 2001; Kinnaird & O'Brien, 2007) , unlike rufous-necked, rhinoceros, Austen's brown and Tickell's brown hornbills. The rufous-necked hornbill is restricted to remaining montane forest (Kemp, 2001) , and Austen's brown and Tickell's brown hornbills occur in eastern and western Thailand, respectively (Poonswad, 1998; THP, 2009) .
Hornbill hotspots
Based on species richness, conservation status and potentially suitable habitat size criteria, we consider five protected area complexes (Western Forest complex , Dong PhayayenKhao Yai, Khlong Saeng-Khao Sok, Khao Luang and Hala Bala), which support the richest hornbill assemblages and the most threatened species (rufous-necked, Austen' s   FIG. 2 The predicted distribution of hornbills (a), and hotspots of hornbill diversity (b) in Thailand (see text for details). The numbers indicate the 12 protected area complexes: 1, Western Forest complex; 2, Doi Phuka-Mae Yom; 3, Mae Ping-Omkoi; 4, Phu Khiew-Nam Nao; 5, Dong Phayayen-Khao Yai; 6, Eastern Forest complex; 7, Khaeng Krachan; 8, Chumporn; 9, Klong Saeng-Khao Sok; 10, Khao Luang; 11, PP-Andaman-Khao Banthad; 12, Hala Bala.
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brown, Tickell's brown, rhinoceros and helmeted hornbills), to be hornbill hotspots in Thailand. These areas are therefore high priorities for conservation. These five complexes cover 6.61% of the country's land area and comprise c. 57% of the total hornbill habitat ( Table 4) . We include the Dong Phayayen-Khao Yai forest complex even though its sum value was 6 because of its importance for Austen's brown hornbill. In addition, this complex is a Natural World Heritage Site and is isolated from other complexes. Thus it plays a role as a source of hornbills in the north-east. The Hornbill Project Thailand has conducted research in Khao Yai National Park since 1981 (THP, 2009) and therefore this site provides valuable information on temporal trends in hornbill abundance.
Conservation status and conservation efforts
Compared to our modelling approach, previous conservation assessments of the hornbills of Thailand have largely depended on expert knowledge (ONEP, 2007) or have used a simple definition of potentially suitable habitats (Poonswad, 1998) . Based on our reassessment we recommend that the Thailand Red List authority changes the status of Tickell's and Austen's brown hornbills from Vulnerable (ONEP, 2007) to Endangered. The predicted extent of occurrence for both species is , 5,000 km 2 and they occur at , 5 locations (Table 3) . Considering the criterion B1 (IUCN, 2001) and its predicted distribution suggests that the national status of the Helmeted hornbill should be changed from Endangered to Vulnerable. However, as c. 42% of its habitat was predicted to be outside protected areas, where protection is poor, its status should probably remain unchanged. We recommend that conservation efforts should be strengthened to conserve rufousnecked, rhinoceros, Tickell's brown and Austen's brown hornbills because they are most at risk, and the current small populations are susceptible to the effects of stochastic factors (Lande, 1993; Fraterrigo et al., 2009; Reed, 2010) . The national status of the wreathed and great hornbills should potentially be changed from Vulnerable (ONEP, 2007) to Near Threatened because their potentially suitable habitats or predicted extent of occurrence are . 20,000 km 2 and they persist in . 10 locations. Our modelling suggests that the status of the oriental pied hornbill should be changed from Least Concern to Near Threatened. However, field staff found . 100 active nest cavities of this species in the southern part of the Western Forest complex (THP, 2009) , and more in other complexes. With a large number of available nest cavities and its high capacity to adapt to disturbed areas with regard to nest sites (Poonswad, 1998) , we recommend that the present national status of Least Concern is retained.
Our study indicates that conservation efforts should be directed not only to protection of existing large areas of Tickell's brown hornbill 3 habitat in protected areas, as guided by DNP policy (Trisurat et al., 2010) , but also to forest patches or degraded forests within ranging distance of large patches (Raman & Mudappa, 2003; Sitompul et al., 2004) . This is because large areas of hornbill habitat were predicted to occur outside protected areas. O'Brien et al. (1998) reported that small forest fragments may offer a safe haven for resting or roosting hornbills during dispersal and inter-forest movement, particularly when figs are in fruit. Kalyakool (2010) also found that hornbill fledglings in Hala Bala complex moved within disturbed forest and a few occurrences were detected outside protected areas. In addition, improving degraded habitats adjacent to protected area complexes and increasing connectivity of suitable habitats outside the current distributions, to facilitate species movement, are promising approaches for maintaining the population viability of hornbills (Trisurat et al., 2010) . Based on the results of this research we plan to do further modelling of changes in land cover, and consequent habitat loss and fragmentation, to support the conservation of species of hornbill categorized as Critically Endangered and Endangered. Our modelling and assessment approach could be applied to hornbill species in neighbouring countries, where data on species occurrences are also limited.
